Glutamine (Gln) and KGF each stimulate intestinal epithelial cell growth, but regulatory mechanisms are not well understood. We determined whether Gln and KGF alter intra-and extracellular thiol/disulfide redox pools in Caco-2 cells cultured in oxidizing or reducing cell medium and whether such redox variations are a determinent of proliferative responses to these agents. Cells were cultured over a physiologic range of oxidizing to reducing extracellular thiol/disulfide redox (E h ) conditions, obtained by varying cysteine (Cys) and cystine (CySS) concentrations in cell medium. Cell proliferation was determined by 5-bromo-2-deoxyuridine (BrdU) incorporation. Gln (10 mmol/L) or KGF (10 µg/L) did not alter BrdU incorporation at reducing E h (-131 to -150 mV), but significantly increased incorporation at more oxidizing E h (Gln at 0 to -109 mV; KGF at -46 to -80 mV). Cellular glutathione/glutathione disulfide (GSH/GSSG) E h was unaffected by Gln, KGF or variations in extracellular Cys/CySS E h . Control cells largely maintained extracellular E h at initial values after 24 h (-36 to -136 mV). However, extracellular E h shifted toward a narrow physiologic range with Gln and KGF treatment (Gln -56 to -88 mV and KGF -76 to -92 mV, respectively; P< 0.05 versus control). The results indicate that thiol/disulfide redox state in the extracellular milieu is an important determinant of Caco-2 cell proliferation induced by Gln and KGF, that this control is independent of intracellular GSH redox status and that both Gln and KGF enhance the capability of Caco-2 cells to modulate extremes of extracellular redox.
INTRODUCTION
Intracellular concentrations of low molecular weight thiols and the redox state of intraand extracellular thiol pools are known to regulate cellular proliferation, differentiation and apoptosis (1) (2) (3) (4) (5) (6) . The cysteine (Cys)/cystine (CySS) couple is the predominant extracellular lowmolecular weight thiol/disulfide redox pool (7) (8) . In HT-29 cells, Cys depletion in cell medium causes a rapid and marked oxidation of intracellular GSH/GSSG redox, which is rapidly reversed with repletion of Cys (9) . In rat jejunum, luminal GSSG is partially reduced to GSH by a mechanism using Cys released directly from the epithelium or derived from breakdown of GSH released from the epithelium (10) . We recently showed that extracellular E h regulates both spontaneous and EGF-or insulin-like growth factor-I (IGF-I)-stimulated Caco-2 cell proliferation (4) . Further, these specific growth factors enhanced the ability of Caco-2 cells to return the extracellular Cys/CySS pool toward a physiologic range when initially cultured in oxidizing or reducing Cys/CySS E h (4) . Therefore, changes in extracellular Cys/CySS redox status may play a fundamental role in intestinal cell responses to certain gut-trophic agents.
Glutathione (L-glutamyl-L-cysteinyl-glycine; GSH), the major low-molecular weight intracellular thiol, plays a critical role in maintenance of intracellular thiol-disulfide redox balance in gut and other tissues (7) . Decreased concentrations of GSH and/or increased concentration of glutathione disulfide (GSSG), impair cell proliferation in several cell types (1) (2) (3) 7) . In human colonic epithelial cell lines, intracellular GSH/GSSG redox potential (E h ) becomes oxidized as cells transition from the proliferative to the differentiated state, either spontaneously in Caco-2 cells (5), or with induction by differentiation inducers in HT-29 cells (11) .
A growing number of investigations indicate that supplementation with the amino acid glutamine (Gln) stimulates growth, repair and barrier function of the gut epithelia (12) (13) . Gln is a major respiratory fuel for intestinal mucosal cells in vivo and is required for optimal cell proliferation in vitro (14) (15) (16) . The Gln product glutamate is a constituent of GSH ; in rats, enteral Gln supplementation increases splanchnic GSH production (17) , while Gln-enriched nutrition in catabolic animal models increases tissue GSH concentrations (18) (19) . Thus, control of GSH redox status by Gln represents a potential mechanism for the proliferative effects of this nutrient in intestinal epithelial cells.
Keratinocyte growth factor (KGF) is an epithelial cell-specific growth factor with marked stimulatory effects on gut mucosal cell lineages (20) (21) (22) (23) . We recently found that KGF prevents the decrease in GSH and oxidation of the GSH/GSSG pool in rat intestinal mucosa induced by malnutrition (24) . Modulation of GSH redox status by KGF may be an important determinant of the gut-trophic effects of this agent, because redox reactions are known to control growth factor-stimulated cell proliferation (25) (26) (27) (28) (29) (30) , and depletion of intracellular GSH inhibits cell proliferation in response to specific growth factors (26) (27) (28) .
The current study was designed to test whether treatment with Gln alters extremes of extracellular redox in Caco-2 cells and whether initial extracellular redox conditions determine proliferative responses to this nutrient. In light of our data showing extracellular redox regulation in Caco-2 cells treated with EGF and IGF-I (4), we also compared the effects of Gln with administration of KGF, an epithelial-specific growth factor. Our results show that the thiol/disulfide extracellular redox state is a major determinant of cell proliferation induced by both Gln and KGF. In addition, treatment with both Gln and KGF enhanced the ability of Caco-2 cells to adjust extremes of extracellular redox towards a range similar to that found during health in vivo (8, 31) .
METHODS

Chemicals
KGF was a gift from Amgen Inc., Thousand Oaks, CA. All other chemicals and reagents were purchased from Sigma (St. Louis, MO).
Cell Culture
The Caco-2 cell line was obtained from American Type Culture Collection (ATCC, Gaithersburg, MD) at passage 19. Cells were maintained as monolayer cultures under 5% CO 2 at 37° C in Modified Essential Medium (MEM) and was supplemented with 2 mmol/L Gln, 10 U/ml penicillin and 10 ug/ml streptomycin and 10% fetal calf serum (Gibco BRL, Rockville, MD). Cells were passaged every 5 to 7 days (when 80-90% confluent). All experiments outlined below were performed on cells from passages 25 to 32. During serum starvation, cells were cultured in serum-free MEM. Gln was also excluded during serum starvation to limit cell proliferation. There was no visual evidence of cell death (increased number of detached cells, trypan blue staining) following serum starvation or any of other manipulations performed in this study.
Extracellular Thiol/Disulfide Redox Conditions
Experiments were designed to generate a range of oxidizing to reducing extracellular redox conditions by controlled manipulation of the Cys/CySS redox pool. In our previous studies, the Cys/CySS E h in plasma of healthy adults was 80±9 mV (31) is not utilized as a source of adenosine triphosphate (ATP) production by gut epithelial cells (33).
Gln and KGF Treatment Protocols
5-Bromo-2-Deoxyuridine Incorporation Assay
For measurement of 5-bromo-2-deoxyuridine (BrdU) incorporation into DNA, cells were incorporation was used to confirm dose-responses to Gln measured using BrdU.
Determination of Cellular and Extracellular Thiols and Disulfides by HPLC
Cell medium was added 1:1 to ice-cold 100 g/L perchloric acid, 0.2 mol/L boric acid and 10 µmol/L -glutamyl-glutamate ( -Glu-Glu) as the internal standard. Cells were rinsed with 500 µL (1X) phosphate-buffered saline (PBS) and then an ice-cold solution (500 µL) containing 50 g/L perchloric acid, 0.2 mol/L boric acid and 10 µmol/L -Glu -Glu was added directly to the cells. Cells were scraped and transferred to microcentrifuge tubes; precipitated protein was separated by centrifugation. GSH, GSSG, Cys, CySS and the disulfide of Cys and GSH, CySSG, were determined from the acid-soluble supernatant as N, N bis-dansyl or Scarboxymethyl-N-dansyl derivatives by HPLC with fluorescence detection as described (4, 11) .
Quantitation was by integration relative to the internal standard, expressed as nmol/mg protein.
The E h values for the intracellular GSH/GSSG and extracellular Cys/CySS(mV) pools were calculated using the Nernst equation with combined constants for a 2-electron transfer
, using E o = -0.264 mV for GSH/GSSG and -0.250 mV for Cys/CySS, respectively (11, 32) .
Cystine transport studies
Caco-2 cells were plated in 6 well plates at a density of 3 x 10 5 /well as above. 
Statistical Analysis
Results are expressed as means ± SE. Differences in BrdU incorporation, measures of GSH and Cys redox and CySS transport were compared across groups by one-way ANOVA.
Specific treatment effects were compared post-hoc using the Fisher's protected least-significant difference (PLSD) test. Data comparisons with P <0.05 were considered statistically significant.
RESULTS
Gln and KGF Induce Caco-2 Cell Proliferation.
Initial experiments were performed to define doses of Gln and KGF required to stimulate Caco-2 cell proliferation. Gln at doses of 1.0 mmol/L, 10 mmol/L and 100 mmol/L each significantly increased BrdU incorporation by 40-50% compared to control ( Figure 1A ). To determine an optimal Gln dose for these experiments, DNA synthesis was also measured using 3 H-thymidine incorporation and the same Gln doses.
Results showed a similar increase of (132%) with 10 mmol/L Gln (P < 0.05). KGF stimulated 
Effects of Extracellular Thiol/Disulfide Redox on KGF-Induced Caco-2 Cell Proliferation
We performed parallel studies using KGF to determine whether Caco-2 cell responses to the nutrient Gln are similar to those following treatment with KGF. Cells were treated with KGF over the same range of E h as used in the Gln supplementation studies. (Table 1) . Thus, in these Caco-2 cell models, significant changes in the intracellular GSH/GGSG pool redox did not occur with growth regulation by Gln or KGF at any extracellular E h condition, but each of these agents appear to increase intracellular Cys and the Cys/CySS ratio.
Glutamine and KGF Modulate Caco-2 Cell Extracellular Redox State
Concentration of thiols and the disulfide of GSH plus Cys (CySSG) in cell medium were measured to determine regulation of extracellular Cys/CySS redox over time and with Gln and KGF treatment. In control cells and cells treated with Gln or KGF, a substantial fraction of the total added Cys + CySS was lost from the culture medium at 24 h under all initial redox conditions (Table 2) , presumably due to intracellular amino acid transport and support of cell growth-associated protein synthesis and other metabolic pathways (7, 34) . (Table 2 ). This suggests that increased GSH release occurs after 24 h of culture at the 0 and -80 mV conditions relative to the -150 mV condition, because concentrations of both GSH and CySSG in medium were similar in control cells and Gln-and KGF-treated cells across the imposed initial extracellular redox states (Table 2) . Thus, changes in GSH efflux by Caco-2 cells do not appear to be a mechanism for the control of extracellular redox by Gln or KGF treatment (Figure 4 ).
Cys concentrations in the medium increased several-fold from the initial imposed level of 0.5 µmol/L at the 0 mV condition for all treatments; however, this increase was much greater with Gln or KGF treatment relative to controls (Table 2) Table 2 ).
The change in total Cys equivalents (Cys + CySS concentrations) in cell medium with Gln and KGF treatment were similar (Table 2) 
CySS Transport Into Caco-2 Cells With Glutamine and KGF at Oxidizing Extracellular
Cys/CySS Redox.
We performed transport studies using labeled CySS to examine the potential role of the 
DISCUSSION
The current data suggest that maintenance of extracellular thiol-disulfide balance is physiologically important in the growth of Caco-2 cells, a human colon cancer -derived epithelial cell line. Our results also demonstrate for the first time that some specific nutrients (Gln) and epithelial cell-specific growth factors (KGF) are important for these cells to modulate extracellular Cys/CySS redox. The largest increase in BrdU incorporation after administration of these agents occurred under the most oxidizing conditions, suggesting that the balance of extracellular redox is a key determinant of proliferation induced by these agents in Caco-2 cells.
In addition, when measured 24 h after either Gln supplementation or KGF treatment, the Caco-2 cell demonstrated an ability to modulate both extremes of experimental extracellular redox (oxidizing and reducing) towards a narrow physiologic range. Thus, the data provide an important link between proliferation and extracellular redox. Because redox status may modulate function of numerous cellular proteins via their disulfide moieties (7) and modification of several membrane-associated and/or intracellular proteins (e.g. receptors, signaling pathways) could affect the proliferative responses to Gln and KGF, the results do not establish a direct or specific relationship. However, the current results are similar to those in our previous study using the growth factors EGF and IGF-I, suggesting that generalized mechanism(s) of growth control are involved (4) and that a common feature involves control of extracellular redox state.
Gln is a preferred respiratory fuel and can contribute to cellular energy supply in intestinal epithelial cells (12, 13, 32) . Ala was unable to substitute for Gln in stimulating Caco-2 cell BrdU incorporation. Because Gln is utilized by gut epithelial cells as a major energy substrate, while Ala is not, it is possible that the proliferative response to Gln versus Ala was a result of energy precursor supply. However, the redox-regulation experiments with Gln, Ala and KGF were The reason for the lack of correlation between altered DNA synthesis rates and intracellular GSH redox indices remains unclear. Our data are in contrast with other in vitro studies showing a positive association between intracellular GSH levels and rates of cell proliferation (4, 11, 26) . We recently found that cellular GSH concentrations decline and GSH/GSSG E h becomes concomitantly oxidized as Caco-2 cells spontaneously progress from the proliferative to the differentiated phase over a 25-days in culture (5) . However, the current experiments were carried out in Caco-2 cells during the proliferative phase a few days after plating. In vivo studies in various catabolic rat models show that tissue GSH is increased by Gln supplementation in association with gut-trophic effects (18) (19) . Also, in malnourished rats KGF prevents the decrease in small bowel and colonic mucosal GSH and oxidation of the GSH/GSSG pool concomitant with stimulation of gut mucosal growth (24) . Differences between our results and previous in vivo and in vitro studies with regard to cellular GSH may reflect differences in experimental models and cell types studied. It is also possible that small or transient changes in
Caco-2 cellular thiol (GSH) status occur during proliferation, but were not detected, perhaps as a result of changes in cell synchronicity or due to the normalization of thiol levels by the time of assay (after 24 hr). Others have observed thiol fluctuations limited to the rapid onset of proliferation characterized by transient increases in cellular GSH levels in human bronchial fibroblasts (27) . It is thus possible that turnover of intracellular GSH or the GSH/GSSG ratio does play a role in proliferative responses in this cell line which may be detected by evaluation at earlier time points than in our experiments (3). Alternatively, Caco-2 cells may maintain a consistent intracellular redox balance during proliferation, possibly attributed to their transformed cell type. Fibrosarcoma (HT1080) cells, which similarly exhibit unregulated growth, show no defined shift in intracellular redox balance with proliferation (2).
Control of Caco-2 cell growth by extracellular thiol-disulfide balance suggests that a cell membrane-associated redox signal mechanism may be involved. Several lines of investigation demonstrate thiol-linked modulation of membrane-associated proteins or cytosolic and nuclear signaling proteins, including receptor-associated protein complexes, protein tyrosine phosphorylation activity, and intracellular function of transcription factor association and transactivation pathways (25, 29, 30, 37) . Recent in vitro studies suggest that intracellular generation of reactive oxygen species, including superoxide or hydrogen peroxide, may play an important role in growth factor signaling (37-39).
In a previous study, we showed that intact rat jejunum is able to control E h of luminal (extracellular) thiol-disulfide pools (Cys/CySS and GSH/GSSG) by altering epithelial cell thiol uptake and release in response to added luminal GSSG (10) . The response to Gln in the present study is a novel finding regarding nutrient function, indicating that supplementation of a specific nutrient enables cells to modulate extracellular Cys/CySS redox under oxidizing or reducing conditions. While underlying mechanisms for the ability of Caco-2 cells to control the extracellular redox environment remain unclear, the observed intra-and extracellular concentrations of GSH, GSSG, Cys, CySS and CySSG and the CySS transport data shed light on possible mechanisms (Table 2) . We determined inward transport of CySS into Caco-2 cells to investigate the potential role of the Cys/CySS shuttle (10, 36) as a potential mechanism for correction of initially oxidizing extracellular E h . With the most oxidizing initial extracellular redox condition, control cell medium was reduced from the initial 0 mV to -36 mV at 24 h; this net reduction of extracellular thiol pools was enhanced by Gln (-56 mV) and KGF (-76 mV) (Figure 4 ). GSH transport from cells to medium cannot account for the change in medium E h given the modest and similar increase in GSH and mixed GSH disulfide (CySSG) concentrations in all experimental groups (Table 2 ). Gln and KGF treatment increased medium Cys concentrations relative to control without significant decrease in CySS. These treatments (KGF > Gln) also increased CySS transport into the cells ( Figure 5 ) and were associated with detectable intracellular Cys and an increase in the Cys/CySS ratio (Table 1) . Taken In summary, the extracellular thiol/disulfide redox milieu alters endogenous and Gln-and KGF-stimulated DNA synthesis in Caco-2 cells studied during the proliferative phase. Both Gln and KGF reverse the growth inhibitory effects of an oxidizing extracellular environment, potentially by activating the membrane CyS/CySS shuttle (10, 36) . In addition, both Gln and extremes of oxidizing or reducing extracellular redox. The data suggest that there could be an interaction between Gln and KGF-activated pathways for cell growth and thiol/disulfide metabolism.
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